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ABSTRACT

Atomic layer deposited (ALD) films are an ideal choice for enhancing the performance and reliability of
microsystem devices. The self-limiting chemistry results in conformal coatings of high aspect ratio structures
with monolayer precision. ALD tungsten films are of particular interest for MEMS and LIGA applications
due to their good wear resistance. However, property data is extremely limited as most conventional test
methods are difficult to apply to these very thin films. We therefore began a study of ALD tungsten films on
silicon substrate properties as a function of film thickness using nanoindentation and nanoscratch techniques.
Nanoindentation showed that elastic modulus and hardness increased with film thickness. For the thickest
films, these values were substantially higher than those of the substrate and hardness equaled values for bulk
and sputter deposited films. Of particular concern, nanoscratch tests triggered channel cracking and
delamination in the thickest film. These cracks formed in succession during the scratch tests closely
following the path established by the previous cracks. Mechanics-based cracking and delamination models
showed that the films fractured under steady state conditions at an energy of 0.4 J/m’. The corresponding
interfacial fracture energy for film delamination between the channel cracks was substantially less at 50
mJ/m” with a mode I component equal to 30 mJ/m”. This value is less than the work of adhesion for sputter
deposited tungsten films on silicon substrates but may accurately reflect the influence of lower film density
along the substrate interface.

1 INTRODUCTION

Low friction and good wear resistance are important factors controlling the performance and
reliability of silicon based MEMS and nickel based LIGA structures. While adequate for some
applications, as-produced material properties severely restrict use of these structures in many
dynamic applications. In addition, the severe geometric constraints of many micromechanical
systems and the need to avoid stress gradients make most deposition methods for applying
performance enhancing friction and wear-resistance resistance coatings impossible. Atomic layer
deposition (ALD) is ideally suited for applying films on high aspect ratio MEMS and LIGA
structures. ALD is a chemical vapor deposition process using sequential exposure of reagents with
a self-limiting surface chemistry. (Ritala and Leskela [1]) The self-limiting chemistry results in
conformal coating of high aspect ratio structures with monolayer precision.

ALD tungsten films are of particular interest for use as MEMS and LIGA coatings due to
their high hardness and good wear resistance. However, measurement of mechanical and
tribological properties and in particular film resistance to deadhesion presents a significant
challenge as most conventional test methods are difficult to apply to very thin films. As a
consequence, property data is extremely limited. We have therefore begun a study of ALD
tungsten film on silicon substrate properties using nanoindentation techniques to determine
mechanical behavior and nanoscratch techniques to measure fracture resistance at small loads
characteristic of microsystem operation.



2 MATERIALS AND METHODS
The tungsten films used in this study were deposited using atomic layer deposition at 300°C onto
polished silicon substrates to thicknesses of 1, 5, 10, 50, and 200 nm. A native surface oxide
covered the substrate surfaces. The films were nanocrystalline and with a gradient in density that
ranged from 80 percent of theoretical value along the substrate interface to full density for
thicknesses greater than 4 nm. The range of thicknesses served to highlight the evolution of film
and substrate contributions to strength and adhesion.

Nanoindentation was used to determine elastic modulus and hardness values of these
films as a function of contact depth using continuous stiffness with a DCM head and 50 nm radius
Berkovich diamond indenter on a Nano Indenter XP™. Continuous stiffness was run at 45 Hz at
displacement amplitudes of 1 and 2 nm. Nanoscratch tests using a 1 um radius conical indenter tip
were then conducted to determine the scratch resistance for the films. The tests were conducted by
simultaneously driving the indenter into the films at a loading rate of 500 uN/s and across the
films at a lateral displacement rate of 0.5 um/s to a maximum load of 100 mN. During each test,
the normal and tangential loads and the scratch distance were continuously recorded. The resulting
scratch tracks were then examined using optical and scanning electron microscopy.

3 RESULTS

3.1 Mechanical Properties

Nanoindentation showed that elastic modulus and hardness increased with film thickness. The
results are shown in Figure 1 where modulus and hardness values are plotted as a function of
contact depth. Also shown for comparison are values for sputter deposited tungsten and the mirror
polished silicon substrate. For films up to 10 nm thick, the measured moduli tracked substrate
values. Values for thicker films were significantly higher than those of the substrate, with the
thickest film values exhibiting little substrate influence. Nevertheless, the elastic modulus values
were significantly lower than corresponding sputter deposited tungsten films. (Cordill et al. [13])
Hardness of the tungsten films also increased significantly with film thickness. (Figure 1b)
However, the near surface decrease in values masks actual property behavior for the thinnest
films. Hardness of the thickest film equaled values for sputter deposited films, thereby achieving a
primary goal for using this film system.
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Figure 1. (a) Elastic modulus and (b) hardness increased with film thickness. The values
were higher than those of the silicon substrate. Bulk tungsten and silicon substrate values
are shown for comparison.
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Figure 2. Nanoscratch tests using a conical indenter show that (a) frictional response
varied with film thickness. (b) At loads near 50 mN, these tests triggered channel
cracking and delamination as shown for the 200 nm thick ALD tungsten film.

3.2 Scratch Tests

A series of nanoscratch tests were conducted on all samples to determine scratch resistance. These
tests showed a strong surface effect and marked increase in frictional forces at loads exceeding 40
mN. (Figure 2a) For the 200 nm film, the increase in friction corresponded to extensive channel
cracking and delamination. (Figure 2b) The channel cracks initiated at the edge of the scratch track
and followed a semi-circular path away from the track eventually becoming parallel to the scratch
track. The cracks formed in succession parallel to the path of previous cracks. These cracks were
stable and limited in length.

Close examination of scratch tracks strongly suggests that fracture began by film
delamination forming circular debonded regions. The channel cracks grew along a path defined by
the outer boundary of these debonded regions. The limit of channel crack growth back along a
path parallel to the scratch track also appears to correspond to the size of the initial debonded
region. Subsequent channel cracks grew along paths parallel to the initial channel crack at a nearly
uniform spacing of 19 um when measured away from the scratch track. A series of scratch tests
sampling all orientations shows the same pattern of cracking, the same uniform crack spacing, and
initial circular film delamination in all tests.

4 DISCUSSION
Thermal mismatch between the films and native oxide substrate surface layers created by cooling
from 300°C to ambient temperatures led to in-plane residual tensile stresses of 400 MPa
determined from corresponding coefficients of thermal expansion. These stresses provided the
stored strain energy for film fracture and delamination.

4.1 Film Fracture

Several studies have derived solutions for film and interfacial fracture energies where residual
tensile stresses dominate fracture behavior. (Beuth [2]; Beuth and Klingbell [3]; Hu et al. [4];
Hutchinson and Suo [5]; Nakamura and Kamath [6]; Thouless, Cao, and Mataga [7]; Thouless [8];
Thouless, Olsson, and Gupta [9]; Vlassak [10]; Xia and Hutchinson [11]; Ye et al. [12];) These
analyses are based on the assumptions that the film and substrate are elastic isotropic solids with



dissimilar elastic moduli, the film is subject to a uniform, equibiaxial in-plane tensile stress, and
the film thickness is much less than the substrate thickness. When the steady state strain energy
release rate is greater than the critical strain energy release for film fracture, crack channeling
occurs across the film.

For a through-thickness single channel crack forming in a residually stressed film, the
mode I steady state strain energy release rate at fracture, I'i, is given by, (Hu et al. [4]); Thouless
[8]; Beuth [2]; Hutchinson and Suo [5]),

Tigs = 02h(1 - v ¢2)mg( ) /2B ¢ (1)

In this equation, o is the stress in the film, h is the film thickness, E¢ is the elastic modulus of the
film, v¢ Poissons ratio for the film, and g(o.,p) is nondimensionalized integral of the crack opening
displacement. (Beuth [2]) The analysis was extended to multiple crack systems to account for
crack interaction effects on strain energy release rates and is a function of crack spacing and film
thickness. (Thouless [8]; Thouless, Olsson, Gupta [9]; and Hutchinson and Suo [5]). The large
spacing to film thickness ratio exhibited by the ALD tungsten film channel cracks show
interaction effects are insignificant and eqn (1) therefore defines the film fracture energy. For
ALD tungsten on a native silicon dioxide surface layer where 0=0.6 and $=0.07, g(a,}) is equal to
2.3117. This gives a mode I steady state release rate of 0.4 J/m’. The corresponding fracture

toughness of the film is 0.34 MPa-m"?.

4.2 Delamination

When the fracture energy of the interface is substantially less than the toughness of the film and
substrate, channel cracking can trigger interfacial failure. Ye et al. [12] have shown that the mixed
mode interfacial strain energy release rate, I', under these conditions is given by,

I'= w;02h(1-v?)/ Eg 2)

where w; is a dimensionless prefactor depending on o and f. Their finite element calculations
provided the following approximation for o,
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With n;=a/h, s=0.654, A;=0.796, A,=0.694, and ‘a’ equal to the delamination half width, w; is
equal to 0.5 which is typical for stiff films on compliant substrates. (Drory et al. [13]) The
interfacial fracture energy is then equal to 50 mJ/m”. This value is composed of normal mode I and
shear mode II contributions with mode I contribution given by the following,

I8} =r/

With a phase angle of loading, vy, equal to 60°and the material constant, A, equal to 0.3, the
corresponding mode I fracture energy is 30 mJ/m”. This value is less than the range of mode I

1+tan2{(1 —X)w}] 4)



values, 0.1 to 0.5 J/m?, observed for sputter deposited tungsten films on silicon substrates. (Cordill
et al. [14]) They are also somewhat lower than film adhesion values measured for CVD films.
However, a mode I value of 30 mJ/m* may accurately reflect the influence of lower film density
along the substrate interface.

5 CONCLUSIONS

We have conducted a systematic study of the mechanical property and fracture behavior of atomic
layer deposited tungsten films as a function of film thickness. These films were deposited at 300°C
creating a state of high residual tensile stress. Nanoindentation testing showed that elastic modulus
and hardness increased with film thickness. For the thickest films, these values were substantially
higher than the substrate values with the hardness equaling values for bulk and sputter deposited
films. Nanoscratch tests were then used to study scratch adhesion. These tests triggered channel
cracking and delamination in the thickest film. The cracks formed in succession parallel to the
path of previous cracks. Corresponding film and interfacial fracture energies were determined
using mechanics-based channel cracking and delamination models. For our film system, the
analysis showed that film fracture occurred at an energy of 0.4 J/m’. The corresponding interfacial
fracture energy for film delamination between the channel cracks was 50 mJ/m* with a mode I
component equal to 30 mJ/m’. This value is less than the work of adhesion for sputter deposited
tungsten films on silicon substrates but may accurately reflect the influence of lower film density
along the substrate interface.
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